ABSTRACT: Protectin D1 (PD1 (3)), a C22-dihydroxylated polyunsaturated fatty acid biosynthesized from all-Zdocosahexaenoic acid, belongs to the new family of endogenous mediators referred to as specialized pro-resolving lipid mediators. PD1 (3) is a natural product that displays potent anti-inflammatory properties together with pro-resolving actions including inhibition of polymorphonuclear leukocyte (PMN) infiltration and promotion of macrophage phagocytosis and efferocytosis. Given its potent endogenous actions, this compound has entered several clinical development programs. Little has been reported on the metabolism of PD1 (3). The synthesis and biological evaluations of the ω-22 monohydroxylated metabolite of PD1 (3), named herein 22-OH-PD1 (6), are presented. LC-MS/MS data of the free acid 6, obtained from hydrolysis of the synthetic methyl ester 7, matched data for the endogenously produced 22-OH-PD1 (6). Compound 6 exhibited potent proresolving actions by inhibiting PMN chemotaxis in vivo and in vitro comparable to its precursor PD1 (3) and decreased proinflammatory mediator levels in inflammatory exudates. The results reported herein provide new knowledge of the metabolism of the protectin class of specialized pro-resolving mediators.
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ABSTRACT: Protectin D1 (PD1 (3)), a C22-dihydroxylated polyunsaturated fatty acid biosynthesized from all-Zdocosahexaenoic acid, belongs to the new family of endogenous mediators referred to as specialized pro-resolving lipid mediators. PD1 (3) is a natural product that displays potent anti-inflammatory properties together with pro-resolving actions including inhibition of polymorphonuclear leukocyte (PMN) infiltration and promotion of macrophage phagocytosis and efferocytosis. Given its potent endogenous actions, this compound has entered several clinical development programs. Little has been reported on the metabolism of PD1 (3) . The synthesis and biological evaluations of the ω-22 monohydroxylated metabolite of PD1 (3), named herein 22-OH-PD1 (6) , are presented. LC-MS/MS data of the free acid 6, obtained from hydrolysis of the synthetic methyl ester 7, matched data for the endogenously produced 22-OH-PD1 (6) . Compound 6 exhibited potent proresolving actions by inhibiting PMN chemotaxis in vivo and in vitro comparable to its precursor PD1 (3) and decreased proinflammatory mediator levels in inflammatory exudates. The results reported herein provide new knowledge of the metabolism of the protectin class of specialized pro-resolving mediators. S everal naturally occurring chemical mediators have been identified that have the capacity to initiate, modulate, and reduce acute inflammation as well as stimulate resolution. 1, 2 Recent efforts have established that the return to homeostasis, i.e., catabasis, 3 is mediated by active biosynthesis and termination programs directed by natural products named specialized pro-resolving mediators (SPMs). 3 The SPMs are derived from the dietary ω-3 polyunsaturated fatty acids (PUFAs) eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) during the resolution phase of acute inflammation. 4, 5 Examples of SPMs are the resolvins, protectins, and maresins, which resolve inflammation, protect organs, and stimulate tissue regeneration. 5 Resolvin E1 (1) is biosynthesized from EPA, 6 while resolvin D1 (2), 7, 8 protectin D1 (PD1, 3), 7−10 also known as neuroprotectin D1 (NPD1) when produced in neural systems, 9 and maresin 1 (4) 11 are all enzymatic products of DHA. PD1 n-3 DPA (5), derived from ω-3 DPA, is a recent addition to the SPM family of compounds. 12, 13 The molecular understanding of the resolution of many inflammatory diseases has been elucidated with these endogenously formed compounds as pharmacological tools. 14 The lipid mediator PD1 (3) has been the subject of many pharmacological studies for the development of potential new anti-inflammatory drugs and has entered clinical trials. 5, 14 In 2003 initial investigations on the metabolism of PD1 (3) were reported. 8 These experiments yielded picogram amounts of a 10,17,22-trihydroxy C22 polyunsaturated fatty acid, which was structurally assigned based on biosynthetic considerations and data from LC-MS/MS experiments. Biological evaluation and the full stereochemical assignment of this 22-hydroxylated metabolite of PD1 (3) were not communicated due to the minute amounts obtained. 8 Due to the attention SPMs have attracted from biologists and pharmacologists, it is also of interest to investigate if metabolites of SPMs exhibit antiinflammatory or pro-resolving actions. Herein a stereoselective total synthesis of 22-OH-PD1 (6) is reported. This allowed, based on data from matching experiments, the exact structure elucidation and biological evaluation of this metabolite of PD1 (3).
■ RESULTS AND DISCUSSION
The total organic synthesis of 22-OH-PD1 (6) commenced with an Evans−Nagao acetate aldol reaction 15 between the chiral auxiliary 8 and aldehyde 9 as previously reported (Scheme 1). 16 The alcohol 10 was formed in a 15.3:1 diastereomeric ratio when 8 was treated with (i-Pr) 2 NEt and TiCl 4 in CH 2 Cl 2 at −78°C followed by the addition of freshly prepared aldehyde 9. Protection of the hydroxy group in 10 was performed using standard conditions (TBSOTf, 2,6-lutidine), affording compound 11 in 84% yield over the two steps. Reductive removal of the auxiliary in 11 was achieved with DIBAL-H, yielding aldehyde 12, which was used directly in the next step (Scheme 1).
Next, pent-4-ynoic acid (13) was converted into the Wittig salt 14 in five steps and 42% overall yield as previously reported. 16 Then aldehyde 12 was added to the ylide of 14; the latter formed after reaction with NaHMDS in THF and HMPA at −78°C. Stereochemically pure ester 15 was obtained in 47% yield from 12 after purification by column chromatography (Scheme 1).
The alkyne 18 was prepared using a stereoselective boronmediated allylation reaction 17 between the chiral boronauxiliary 16 and 3-(trimethylsilyl)propiolaldehyde (17) using conditions reported by Pietruszka and Schone. 18 This afforded the alkyne 18 in 72% yield. Removal of the TMS group with MeOH/K 2 CO 3 gave the terminal alkyne 19, that was reacted with the vinylic-bromide ester 15 in a Sonogashira reaction (Pd(PPh 3 ) 4 , CuI, Et 2 NH). This yielded ester 20, containing all stereogenic centers and carbon atoms present in 22-OH-PD1 (6), in 65% yield over two steps. Removal of the TBS group went smoothly with excess tetra-n-butylammonium fluoride in THF to produce the triol-ester 21 in 86% yield. The Boland protocol 19 was employed in the reduction of the internal conjugated triple bond in 21, providing the methyl ester 7 in 40% yield after chromatography. In addition, <1% of remaining 21 and approximately 2−3% of the over-reduced material of 7 were obtained. All attempts to improve the yield of 7 while retaining a high stereoselectivity were unsuccessful. Moreover, other methods explored did not give a stereoselective and concurrent high-yielding reduction of alkyne 21. 20,21 The spectroscopic data (UV, IR, NMR, and MS) for the methyl ester 7 of 22-OH-PD1 (6) were in accord with the structure (Supporting Information).
Matching experiments using synthetic and biologically produced products were then conducted. First, the ester 7 was hydrolyzed to the acid 6 under basic aqueous conditions. 16 In order to determine whether synthetic material matched biologically formed 6, authentic 6 was obtained from human neutrophils.
8 Figure 1A shows the multiple reaction monitoring (MRM) chromatograms of 22-OH-PD1 (6) from human neutrophils, which gave a sharp peak at t R = 10.4 min. Figure  1B depicts the MRM chromatogram of synthetic 22-OH-PD1 (6), also with retention time t R = 10.4 min. Figure 1C illustrates the co-injection of synthetic and endogenous material added at essentially equal amounts. Overall, Figure 1 demonstrates that synthetic 6 coelutes with the material produced by human neutrophils. Prominent ions of diagnostic value were assigned at m/z 375
− (see the Supporting Information). The UV and MS spectra for both natural and synthetic 6 were essentially identical and in accord with the literature. 8 
Scheme 1. Synthesis of Stereochemically Pure Ester 15
Journal of Natural Products During the acute phase of inflammation, circulating polymorphonuclear leukocytes (PMN) extravasate into the inflamed tissue. Inhibition of PMN infiltration and a decrease of pro-inflammatory mediators are key processes in the resolution of inflammation and are defining actions of SPMs. 4 Therefore, the anti-inflammatory actions of 22-OH-PD1 (6) were investigated using an in vivo zymosan-induced peritonitis mouse model. Compound 6 was administrated 10 min prior to zymosan challenge, and peritoneal inflammatory exudates were collected after 4 h. At 4 h 22-OH-PD1 (6) decreased PMN infiltration by ∼43%, to a similar extent as PD1 (3) (∼54%) itself ( Figure 2 ). Synthetic material of PD1 (3), matched with biologically produced 3, was employed. 16 Because pro-inflammatory eicosanoid levels, including LTB 4 and PGF 2α , increase during acute inflammation, 2 we next assessed the regulation of local pro-inflammatory eicosanoids by 22-OH-PD1 (6) using LC-MS/MS-based lipid mediator metabololipidomics. Mediators were identified in accordance with published criteria 22 that include matching retention times ( Figure 3A ) and MS-MS fragmentation patterns ( Figure 3B ). Quantification of exudate lipid mediators by MRM demonstrated a significant reduction in exudate eicosanoid levels including PGD 2 (∼27% decrease), PGF 2α (∼43% decrease), and TXB 2 (∼48% decrease; Figure 3C ), following 22-OH-PD1 (6) administration, actions that are also shared with PD1 (3) . Together these results demonstrate that 22-OH-PD1 (6) displays potent anti-inflammatory actions in vivo.
SPMs regulate cell adhesion and transmigration to the site of inflammation. 23 As 22-OH-PD1 (6) displayed potent actions on neutrophils in vivo, we next tested whether these findings could be translated to humans by investigating the actions of synthetic 22-OH-PD1 (6) on human PMN chemotaxis and adhesion ( Figure 4 ). With primary human PMN, 22-OH-PD1 (6) was found to inhibit PMN chemotaxis to LTB 4 (∼19%) and IL-8 (∼23%); see Figure 4A and B, respectively. Compound 6 also inhibited PMN adhesion to fibronectin under flow ( Figure 4C ). These findings demonstrate that 22-OH-PD1 (6) displays potent biological functions in vivo with mice and in vitro with human cells that are comparable to its precursor PD1 (3).
In conclusion, the complete structure of 22-OH-PD1 (6) has been reported. A stereoselective synthesis of the methyl ester of 6 has been achieved in nine steps and 6% overall yield. Furthermore, 22-OH-PD1 (6) was shown to maintain bioactive properties resembling those of PD1 (3), as it decreases leukocyte recruitment in vivo, dampens production of classical pro-inflammatory eicosanoids, and inhibits human PMN chemotaxis and adhesion. The ω-oxidation of PD1 (3) to 22-OH-PD1 (6) is most likely, as reported for some other SPMs, 24, 25 mediated by CYP1 monooxygenases. In many cases ω-oxidation reactions reduce the bioactivity of many local autacoids, i.e., LTB 4 . Of interest, the further metabolism of PD1 (3) gives a product, namely, 22-OH-PD1 (6) , that retains the potent actions of PD1 (3). The results presented for 22-OH-PD1 (6) will be useful for future developments toward new pro-resolving and anti-inflammatory drug candidates.
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■ EXPERIMENTAL SECTION
General Experimental Procedures. Optical rotations were measured using a 1 mL cell with a 1.0 dm path length on a PerkinElmer 341 polarimeter. The UV/vis spectra from 190 to 900 nm were recorded using a Biochrom Libra S32PC spectrometer using quartz cuvettes. The CD spectrum from 200 to 360 nm was recorded using a DSM 1000 CD instrument. IR spectra (4000−600 cm −1 ) were obtained on a PerkinElmer Spectrum BX series FT-IR spectrophotometer. NMR spectra were recorded on a Bruker AVII400 spectrometer at 400 MHz for 1 H NMR and at 101 MHz for 13 C NMR. Spectra are referenced relative to the central residual protium solvent resonance in 1 H NMR (CDCl 3 δ = 7.27 and MeOH-d 4 δ = 3.31) and the central carbon solvent resonance in 13 C NMR (CDCl 3 δ = 77.00 ppm and MeOH-d 4 = δ 49.00). Mass spectra were recorded at 70 eV on a Waters Prospec Q spectrometer using EI, ES, or CI as the method of ionization. High-resolution mass spectra were recorded on a Waters Prospec Q spectrometer using EI or ES as the method of ionization. Thin-layer chromatography was performed on silica gel 60 F254 aluminum-backed plates fabricated by Merck. Flash column chromatography was performed on silica gel 60 (40−63 μm) produced by Merck. HPLC analyses for chemical purities were performed on an Agilent Technologies 1200 Series instrument with diode array detector set at 254 nm and equipped with a C 18 stationary phase (Eclipse XDB-C 18 5 μm 4.6 × 150 mm), applying the conditions stated. Unless stated otherwise, all commercially available reagents and solvents were used in the form they were supplied without any further purification. The stated yields are based on isolated material. Diastereomeric ratios reported in this paper have not been validated by calibration; see Wernerova and Hudlicky for discussions and guidelines. 26 Liquid chromatography (LC)-grade solvents were purchased from Fisher Scientific. The Eclipse Plus C 18 column (100 × 4.6 mm × 1.8 μm) was obtained from Agilent, and C 18 SPE columns were from Waters. The synthetic standards for LC-tandem mass spectrometry (MS-MS) quantitation and deuterated (d) internal standards (d 4 -PGE 2 and d 4 -LTB 4 ) were purchased from Cayman Chemicals. Zymosan A was purchased from Sigma. Anti-mouse CD11b and anti-mouse Ly6G were purchased from BioLegend.
(S,Z)-8-(Trimethylsilyl)oct-3-en-7-yne-1,6-diol (18). Allylboronate 16 was prepared as described by Pietruszka et al. 18 Compound 16 (275 mg, 0.50 mmol, 1.0 equiv) was dissolved in CH 2 Cl 2 (0.25 mL) and stirred at 0°C for 30 min before TMS-propargylaldehyde (17) (0.1 mL, 0.60 mmol, 1.2 equiv) was added. The solution was stirred at 4°C for 24 h and another 4 days at rt before being concentrated in vacuo. The crude product was purified by column chromatography on silica (hexanes/EtOAc (S,Z)-Oct-3-en-7-yne-1,6-diol (19) . The TMS-alkyne (18) (130 mg, 0.61 mmol, 1.0 equiv) was dissolved in dry MeOH (20 mL), and K 2 CO 3 (80 mg) was added. After 3 h, phosphate buffer (20 mL, pH = 7.2) was added, and the aqueous phase was extracted with EtOAc (4 × 30 mL). The combined organic layers were dried (Na 2 SO 4 ), before being concentrated in vacuo. The crude product was purified by column chromatography on silica (hexanes/EtOAc, 4:6) to afford the title compound 19 as a yellow oil. The reaction was stirred for 20 h before it was quenched with phosphate buffer (pH = 7.2, 2.5 mL). Brine (20 mL) and EtOAc (20 mL) were added, and the phases were separated. The H 2 O phase was extracted with EtOAc (2 × 20 mL), and the combined organic layer was dried (Na 2 SO 4 ) before being concentrated in vacuo. The crude product was purified by column chromatography on silica (hexanes/ EtOAc, 4:6) to afford the title compound 21 as a pale yellow oil. Methyl (4Z,7Z,10R,11E,13E,15Z,17S,19Z)-10,17,22-Trihydroxydocosa-4,7,11,13,15,19-hexaenoate or 22-OH-PD1 (7). Alkyne 21 (25 mg, 0.064 mmol, 1.0 equiv) was dissolved in H 2 O and MeOH (1:1, 7.6 mL), to which a freshly prepared batch of Zn(Cu/Ag) (Boland reagent) 19 (∼2.3 g) was added in one portion. The flask was evacuated and filled with argon (3×), and the reaction mixture was stirred for 5 h. The suspension was vacuum filtrated through a pad of Celite, and the filter cake was washed with additional fresh MeOH. The filtrate was concentrated in vacuo, to which brine and EtOAc were added. The phases were separated, and the aqueous layer was extracted with EtOAc (3 × 10 mL). The organic phase was dried (Na 2 SO 4 ), filtrated, Sterile Peritonitis. Male FVB mice (6 to 8 weeks old) purchased from Charles River Laboratories were fed ad libitum laboratory rodent diet 20-5058 (Lab Diet, Purina Mills). Animal experimental procedures were approved by the Standing Committee on Animals of Harvard Medical School (protocol no. 02570) and complied with institutional and U.S. National Institutes of Health (NIH) guidelines. Zymosan (1 mg/mL; Sigma-Aldrich) was injected intraperitoneally (i.p.) 10 min after i.p. administration of PD1 (3) or 22-OH-PD1 (6) (10 ng) or vehicle (0.1% EtOH in 100 mL of saline). At 4 h peritoneal lavages were collected in PBS without calcium and magnesium, cells were enumerated as described by Dalli et al. 27 using light microscopy and flow cytometry, and local eicosanoid levels were assessed by targeted lipid mediator metabololipidomics as described below.
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Targeted Lipid Mediator Metabololipidomics. All samples for LC/MS-MS-based metabololipidomics were extracted with solid-phase extraction columns as previously reported. 28, 29 Prior to sample extraction, lavages were placed in two volumes of ice-cold MeOH containing d 4 -PGE 2 and d 4 -LTB 4 , representing each region in the chromatographic analysis (500 pg each) to facilitate quantification. Identification was conducted using published criteria where a minimum of six diagnostic ions were employed. 28 Calibration curves were determined using a synthetic lipid mediator mixture. A linear calibration curve for each compound was obtained with r 2 values ranging from 0.98 to 0.99. The detection limit was ∼0.1 pg in the matrix. Quantification was carried out as reported by Dalli and Serhan.
28
PMN Isolation and Chemotaxis. Peripheral blood human PMN were purified as previously described. 12 In brief, using density-based Ficoll-Histopaque 1077-1 (Sigma), PMN were isolated from human whole blood. Red blood cells were lysed by hypotonic lysis. Purified PMN were resuspended in DPBS containing 0.1% bovine serum albumin and incubated with either vehicle (<0.03% EtOH by volume), PD1 (3), or 22-OH-PD1 (6) (15 min, 37°C). For the chemotaxis assays, 1 × 10 5 PMN were plated on the upper chamber of a ChemoTx System plate (3 μm pore size filter, Neuro Probe), and chemotaxis toward LTB 4 (10 nM) or IL-8 (100 ng/mL, R&D Systems) was measured after a 90 min incubation period (37°C in 5% CO 2 ). The number of migrated PMN was measured using fluorescence-based PrestoBlue quantification (Life Technologies) and read on a SpectraMax M3 plate reader (Molecular Devices Inc.).
PMN Flow Chamber. Purified human PMN were pretreated for 10 min with 22-OH-PD1 (6), PD1 (3), or vehicle control; cells were then stimulated with 10 nM LTB 4 . PMN (1 × 10 6 cells/mL) were perfused over fibronectin-coated (R&D Systems) 1 μ-Slide VI 0.4 ibiTreat microscopy chambers (Ibidi) at 0.5 mL/min flow rate. Six fields of view were recorded per slide for 10 s. Adherent PMN were quantified using Image ProPlus 7 (MediaCybernetics). , 37°C ). PMN were then cultured on a ChemoTx chamber (90 min, 37°C in 5% CO 2 ), and PMN chemotaxis toward (A) LTB 4 (10 nM) or (B) IL-8 (100 ng/mL) was measured. Cell chemotaxis was quantified, and samples were normalized to vehicle control. Results show four independent experiments, presented as the mean ± SEM. (C) PMN were pretreated with 22-OH-PD1 (6), PD1 (3), or vehicle control (10 min, RT) and stimulated with 10 nM LTB 4 (10 min, RT). PMN were then passed through a flow chamber at 0.5 mL/min for 5 min. Six random fields of view were recorded, and the number of adhered PMN was quantified. Representative images of adhered PMN (left panel) and quantification (right panel) are shown. Results were obtained from three independent experiments, shown as the mean ± SEM. All results were compared to vehicle control using a paired t test; statistical significance defined as *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. 
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